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Abstract 
A387 Gr 91 Cr-Mo alloy corrosion compatibility with LiOH-KOH mixture was evaluated at 
315 ºC (Test#1) and 360 ºC (Test#2). This alloy is studied for a techno-economical optimization 
of a steam-PCM heat exchanger proposed in the thermal energy storage (TES) system of a 
direct steam generation (DSG) facility. The corrosion damage was analyzed with visual 
inspection, optical microscopy, SEM, EDS and XRD, and  corrosion rates were also calculated. 
A387 Gr 91 alloy generates protective oxide layers over base metal. Localized corrosion 
damages were not detected with these test conditions, while XRD and EDS profiles showed 
CrO and LiFeO2 as main corrosion products generated by this alloy. On the other hand, 
corrosion rates decrease with exposure time showing the passivation of the alloy. A387 Gr 91 
corrosion performance was compared with A316L stainless steel, which was preliminary 
proposed by the authors in previous studies. In addition to corrosion performance, parameters 
such as cost, thermal properties, and mechanical properties are discussed. In conclusion, the use 
of A387 Gr 91 instead to A316L alloy for the construction of the steam-PCM heat exchanger 
involves the techno-economical optimization of the equipment. 
Keywords: Corrosion, phase change material (PCM), Cr-Mo alloys, hydroxides, 
thermal energy storage (TES) 
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1. Introduction 
Concentrating solar power (CSP) is called to play a critical role in solving the global climate 
challenge. Accordingly, this technology should contribute to the strategic energy policy 
objectives fixed for the different countries about reducing greenhouse emissions. CSP plants 
with thermal energy storage (TES) systems are unique renewable resources that provide not 
only clean electrical power, but also a range of operational capabilities that support continued 
reliability of electric power systems. TES systems allow providing the required amounts of 
power depending on grid operator demand regardless of the time of day or weather conditions. 
Therefore, CSP technologies with integrated TES systems have potential applications across a 
range of countries with different market structures and regulatory regimes [1-5]. TES systems 
based on phase change materials (PCM) is one of the most promising solutions for storing and 
releasing energy on demand in direct steam generation (DSG) CSP facilities. PCM systems can 
store/release a large amount of energy, the so-called latent heat, at constant temperature. 
Moreover, these solutions have larger energy density than systems working with sensible heat 
storage providing more compact storage systems for DSG power plants [6-8].  
An optimized configuration based on molten salts tanks and PCM system has been proposed as 
TES module for DSG technology [9]. During periods without the solar source, sensible heat 
coming from molten salts is used for preheating and superheating the steam and latent heat is 
used for the evaporation process at constant temperature. While solar salt (60% NaNO3-
40%KNO3) is used in the sensible storage module, an optimized PCM is proposed by the 
authors for the latent storage one [10]. The PCM solution is a composite based in a LiOH-KOH 
mixture (46wt.% and 54wt.%, respectively) infiltrated in high conductive graphite foam. The 
carbon structure is characterized by high volumetric thermal conductivity, low density, highly 
interconnected porosity, and relatively high stiffness. The significant properties of the 
LiOH/KOH mixture are: interesting melting point for DSG applications, large amount of energy 
involved in full crystallization/fusion (535 kJ/kg as enthalpy change), fairly low relative volume 
expansion upon melting, and fairly low subcooling. Finally, the main advantages of the 
resulting composites are: very high energy density, relatively low volume expansion, highly 
enhanced heat transfer, stability, and insignificant hysteresis. 
Thermal transference between steam and proposed PCM takes place in a shell and tubes heat 
exchanger where steam flows through the tubes and hydroxides-graphite foam composite 
freezes and melts inside the shell during charge and discharge operation modes [11]. Heat 
exchanger materials selection is one of the main concerns for the design of this equipment. 
Then, the selected alloy should be corrosion resistant to high temperature hydroxides exposure 
to ensure an economic long-term design. The corrosion performance of three different alloy 
grades, carbon steel, stainless steel, and a nickel base alloy were evaluated by the authors in 
previous studies [12]. Accordingly, A316L austenitic stainless steel was preliminary selected as 
an interesting alloy for this application due to protective oxides layers generation and low 
corrosion rates. However, the high cost associated to this material motivates the evaluation of 
low cost alternatives to carry out a techno-economical optimization of the heat exchanger under 
discussion. Two main families, ferritic stainless steels and Cr-Mo steels are proposed, as 
materials with an intermediate cost between carbon steels and austenitic stainless steels, for the 
heat exchanger optimization.   
Ferritic stainless steels consist of iron-chromium alloys with body-centered cubic crystal 
structures. These alloys are magnetic and not hardenable by heat treatment. Ferritic stainless 
steels have good ductility and formability but relatively poor high temperature strength 
compared to that of austenitic grades [13]. Due to their lower chromium and nickel content, 
standard ferritic steel grades are usually less expensive than their austenitic counterparts. 
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Table 1. Some Cr-Mo alloys grades. Chemical composition [17] 
Grade/Element 
(wt.%) 
C Mn P S Si Cr Mo Others 
Grade 11 0.05-
0.17 
0.40-
0.65 
0.035 0.035 0.50-
0.80 
1.00-
1.50 
0.45-
0.65 
 
Grade 22 0.05-
0.15 
0.30-
0.60 
0.035 0.035 0.50 2.00-
2.50 
0.90-
1.10 
 
Grade 5 0.15 0.30-
0.60 
0.035 0.030 0.50 4.00-
6.00 
0.45-
0.65 
 
Grade 9 0.15 0.30-
0.60 
0.030 0.030 1.00 8.00-
10.00 
0.90-
1.10 
 
Grade 91 0.08-
0.12 
0.30-
0.60 
0.020 0.010 0.20-
0.50 
8.00-
9.50 
0.85-
1.05 
Ni:0.40  
V:0.18-0.25 
Nb:0.06-0.10 
N: 0.030-0.070 
Al:0.04 
 
Table 2. Some ferritic stainless steels grades. Chemical composition [17] 
Type/element 
(wt.%) 
C Mn P S Si Cr Ni Mo N Other 
405 0.08 1.00 0.04 0.03 1.00 11.50-
14.50 
0.60   Al: 0.10-0.30 
409 0.030 1.00 0.04 0.01 1.00 10.5-
11.7 
0.50  0.03 Ti: 6x(C+N) 
min; 0.50 
max 
429 0.12 1.00 0.04 0.03 1.00 14.00-
16.00 
    
430 0.12 1.00 0.04 0.03 1.00 16.00-
18.00 
0.75    
434 0.12 1.00 0.04 0.03 1.00 16.00-
18.00 
 0.75-
1.25 
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Attending to this discussion, Cr-Mo alloys have been selected by the authors for the techno-
economical optimization of the steam-PCM heat exchanger under evaluation. Within this 
family, a relative high content of Cr and Mo is desired to improve corrosion resistance taking 
into account poor performance showed by carbon steel (A516 Gr 70) after hydroxides 
exposition in previous studies [12]. Then, A387 Gr 91 has been chosen as the alloy to be tested 
in the hydroxides mixture because of three reasons. (i) Grade 91 shows the better mechanical 
performance within this family of alloys, (ii) the higher amount of Cr (8.00-9.50wt.%) 
associated to this alloy improve the corrosion resistance of this material regarding Cr-Mo alloys 
with lower Cr content, and (iii) the presence of Mo in the range of 0.85-1.05wt.% is also 
beneficial from a corrosion point of view. 
 
2. Materials and methods 
2.1. PCM 
LiOH-KOH mixture corrosion aggressiveness was evaluated to optimize the materials selection 
for the steam-PCM heat exchanger proposed for this application. The chemical composition for 
the LiOH-KOH blend was 46wt.% LiOH and 54wt.% KOH. A reversible peritectic reaction is 
associated with this mixture at temperature close to 315 ºC (Reaction 1) [18,19]. The enthalpy 
change associated to the peritectic transition is 535 kJ/kg, making this mixture one of the most 
interesting PCM media for DSG technology from the point of view of energy density and 
melting point. Both hydroxides were supplied by Sigma Aldrich (LiOH - Sigma Aldrich 442410 
and KOH - Sigma Aldrich 60370). 
 
ܮܱ݅ܪሺ௅௜௤ሻ ൅ ܭܱܪሺ௅௜௤ሻ ൅ ܮܱ݅ܪሺௌሻ ↔ ܮ݅ଶܭሺܱܪሻଷሺௌሻ                                                                   (1) 
                                             
Table 3. LiOH, KOH characteristics [20] 
 LiOH KOH 
Grade Reagent grade Puriss. p.a. 
Purity 98% ≥ 86% 
 Salts supplied as  Pellets Pellets 
 
2.2. Metal alloy 
Previous studies carried out by the authors identified A316L stainless steel as preliminary 
material for the steam-PCM heat exchanger manufacturing [12]. After screening  alternatives 
materials to A316L, A387 Gr 91 was identified as an interesting low cost alternative. A387 Gr 
91 ferritic steel is a chromium-molybdenum alloy with excellent resistance to high working 
temperatures and good anti-corrosion characteristics. The small additions of Nb and V to the 
modified 9Cr-1Mo steel promote the formation of fine (Nb, V)C carbides and carbonitride 
particles evenly distributed throughout the matrix [16]. These precipitates explain the higher 
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atmosphere. Corrosion tests were performed in several autoclaves (alloy C-276, UNS N10276, 
used for vessels) where hydroxide mixtures were introduced and heated up to 360 ºC and 315 
ºC, respectively. After achieving the test temperatures, both autoclaves were opened and 
corrosion coupons were introduced inside. Two test times, 1005 hours (t1) and 2640 hours (t2), 
were executed for corrosion tests at 360 ºC (Test#1). On the other hand, corrosion test at 315 ºC 
(Test#2) was performed during 1055 hours.  
Uniform corrosion coupons and welded U-bend stress corrosion cracking (SCC) coupons were 
assembled to the corrosion rack for Test#1, whereas only uniform corrosion coupons were 
tested in Test#2. Racks were made of nickel base alloys, alloy 625 (UNS N06625) for the base 
plate and alloy 601 (UNS N06601) for the threaded roads.    
In order to compare with previous results obtained for A316L, surface and cross section 
analysis, XRD and EDS profiles, and corrosion rates calculation were carried out for Test#1 
characterization. ASTM G1-03 standard was used to calculate materials corrosion rates after 
being exposed to hydroxides baths [21]. The descaled weight loss was evaluated for each 
coupon by removing oxides layers generated during the corrosion tests. ASTM G1-03 standard 
suggests different types of chemical solutions to remove corrosion products without attacking to 
base material. Accordingly, 500 mmL HCl solution plus 3.5 g hexamethylene tetramine (reagent 
water to make 1000 mL) was used for A387 Gr 91 oxides layer removal. 
 
Eq. 1 was applied to obtain corrosion rates as µm/year:   
 
0
W KVc
S t
  Eq. 1
 
where, ∆W is the weight after testing and removing corrosion products (g), S0 is the initial 
metallic surface in contact with hydroxides (cm2), K is a constant to express the final result as 
µm/year (8.76·107), t is the exposure time in hours, and  is the metallic alloy density in g/cm3. 
It was assumed that the total weight loss was only associated to uniform corrosion without 
taking into account localized phenomena which were evaluated by other methods. 
Surface and cross section microstructural characterization (spalling phenomena, oxides 
morphology, and corrosion damage penetration) was carried out over corrosion coupons by 
using a SEM-JEOL 5910-LV microscope. Energy dispersive spectroscopy (EDS) spectra were 
obtained from the material surface and the cross section to identify the alloying elements over 
the outermost oxides layers, and alloying elements evolution through corrosion products. EDS-
OXFORD INCAx-act equipment coupled to SEM was used for oxides chemical 
characterization. In addition to EDS analysis, oxides layers were also chemically characterized 
by XRD in order to identify the oxides layers stoichiometry.  XRD analyses were carried out 
using a Brucker D8-Advance X-Ray-Diffractometer. ASTM G30-97 and ASTM G58-85 
standards were applied to analyze SCC susceptibility using U-bend corrosion coupons [22,23]. 
U-bend coupons are welded and bended at 180 ºC introducing permanent residual stresses 
coming from both processes. Taking into account that stresses induced in the coupons are higher 
than the elastic limit of the material, this test is the worst-case scenario regarding SCC 
susceptibility. Visual inspection and optical microscopy characterization  (Motic BA210 
trinocular compound microscope) was carried out to evaluate U-bend corrosion coupons after 
testing. 
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corrosion is expected for this material. Then, corrosion products produce the passivation of the 
alloy minimizing the diffusion of anions and cations through the oxides layers. 
Attending to the guide for corrosion weight loss, caution recommended depending on the 
specific application is advised for A387 Gr 91. However, corrosion rates decreasing through 
exposure time and protective oxide layer generation would allow a reliable design in terms of 
corrosion for the construction of the heat exchanger.   
Previous tests carried out over A316L under same test conditions showed lower corrosion rates. 
Corrosion rates also decreased through test time from 10.3 µm/year to 6.3 µm/year after 1005 
hours and 2640 hours, respectively [12].  
 
Table 4. Corrosion rates for A387 Gr 91 after Test#1 
Alloy Corrosion rate (µm/year) after 
t1 test time (1005 hours) 
Corrosion rate (µm/year) after 
t2 test time (2640 hours) 
A387 Gr 91 55.9 ± 0.6 44.7 ± 0.1 
 
 
Table 5. Guide for corrosion rates in the industry adapted to A387 Gr 91 [27] 
A387 Gr 91 (µm/year) Recommendation 
> 1278 Completely destroyed within days 
129 - 1287 Not recommended for service greater than a month 
64 - 128 Not recommended for service greater than 1 year 
14 - 63 Caution recommended, based on the specific application 
0.4 - 13 Recommended for long term service 
< 0.3 Recommended for long term service; no corrosion, other than as a result of 
surface cleaning, was evidenced 
 
4.2. Test#2. Corrosion tests at 315 ºC 
Low corrosion allowances are critical in the design of the steam-PCM heat exchanger due to: (i) 
heat transfer optimization between PCM and steam, and (ii) heat exchanger cost reduction. 
Therefore, an additional corrosion test at hydroxide mixtures melting point temperature (315 ºC) 
was carried out for the A387 Gr 91 alloy. This new corrosion test was also motivated taking into 
account that results coming from the conservative corrosion tests at 360 ºC were satisfactory in 
terms of corrosion products morphology and expected corrosion kinetics. Then, A387 Gr 91 
corrosion coupons were tested in the hydroxides bath during 1055 hours. 
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decreasing is expected for long-term exposure being this alloy a potential candidate for the 
construction of the heat exchanger under evaluation. 
 
Table 6. Corrosion rates for A387 Gr 91 after Test#2 
Alloy Corrosion rate (µm/year) after 1055 hours 
A387 Gr 91 29.6 ± 0.2 
 
4.3. A387 Gr 91 and A316L alloys comparison 
In addition to corrosion performance, parameters involved in the efficiency and cost of the 
steam-PCM heat exchanger such as material cost, thermal properties and mechanical properties 
are discussed within this section. 
Although both materials generate protective, compact and well-adhered oxides layers over base 
metal, A316L corrosion rates are lower than the one measured in A387 Gr 91. While A387 Gr 
91 corrosion rates are 55.9 µm/year and 44.7 µm/year for 1005 hours and 2640 hours, 
respectively, A316L exhibits 10.3 µm/year and 6.3 µm/year for the same test times [12]. On the 
other hand, previous studies carried out with A316L showed a slight corrosion progression 
through grain boundaries. Although intergranular corrosion (IGC) attack was just limited to 10 
μm depth, this corrosion damage could be a handicap to ensure long term design [12]. 
Alloy thermal conductivity is an important property affecting to the overall heat transfer of the 
heat exchanger proposed for this application. According to Table 7, where values for different 
temperatures are collected for both materials [28], A387 Gr 91 has higher thermal conductivity 
than A316L. In fact, the thermal conductivity ratio A387 Gr 91-A316L at heat exchanger 
operation temperature, 315 ºC, is 1.5x. 
 
Table 7. A387 Gr 91 and A316L thermal conductivity comparison [28] 
Temperature (ºC) 38 93 149 204 260 316 371 399 
A387 Gr 91 thermal conductivity (W/m·K) 22.7 24.2 25.4 26.3 27.0 27.5 27.7 27.8
A316L thermal conductivity (W/m·K) 14.4 15.2 16.1 16.9 17.6 18.5 19.4 19.7
 
In addition to thermal properties, the alloy cost is an important benefit associated to A387 Gr 91 
to be considered as a potential candidate for the construction of the heat exchanger. While 
A316L main alloying elements are chromium, nickel and molybdenum in the range of 16-
18wt.%, 10-14wt.% and 2-3wt.%, respectively, A387 Gr 91 contains the same main alloying 
elements, 8-9.5wt.% chromium, 0.4wt.% nickel and 0.85-1.05wt.% molybdenum. The lower 
amount of Cr and Ni is a determining factor for the final cost of A387 Gr 91 alloy. 
Finally, mechanical properties of A387 Gr 91 are an additional advantage for the construction of 
the proposed heat exchanger. The construction of the equipment would be carried out following 
ASME Section VIII, boiler and pressure vessel code, where requirements applicable to the 
design, fabrication, inspection, testing, and certification of pressure vessels are specified [29].  
This standard provides equations for the design of the shell and the tubes of the heat exchanger. 
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Then, parameters such as geometrical requirements, temperature and pressure design, corrosion 
allowance, and mechanical properties of the materials under consideration are involved in the 
design of these elements.  
Attending to ASME Section II (Materials Part A - ferrous materials specification), maximum 
design temperature for A387 Gr 91 and A316L under ASME VIII standard is 649 ºC and 454 
ºC, respectively [17]. Maximum allowable stresses (MAS) between 65 ºC and 450 ºC for both 
materials are shown in Table 8 [17]. A387 Gr 91 shows higher MAS, which means a thickness 
reduction for the construction of the heat exchanger shell and tubes. As an example of size 
optimization using A387 Gr 91, tubes thicknesses are calculated by the following equation (Eq. 
2): 
t ൌ ୔൉ୖୗ൉୉ି଴.଺൉୔ ൅ CA                                                                                                                     Eq.2 
 
where t is the minimum required thickness of the tube (mm), P is the internal design pressure 
(MPa), R is the corroded inside radius of the tube under design (mm), S is the MAS value 
(MPa), E is the joint efficiency (dimensionless), and CA is the additional thickness for corrosion 
allowance (mm). Parameters involved in the thickness calculation for a 20 years design are 
provided in Table 9. Design temperature and pressure has been fixed at 350 ºC and 121 bar, 
respectively. Joint efficiency has been considered as 1. Regarding MAS values, 161 MPa and 
94.1 MPa have been taken for A387 Gr 91 and A316L, respectively.  
The corrosion allowance for A387 Gr 91 takes into account the corrosion coming from 
hydroxides at 315 ºC and corrosion due to steam. On the other hand, only corrosion due to 
steam has been considered for A316L assuming no corrosion in the hydroxides side. The 
consideration of no hydroxides corrosion in A316L has been adopted to compare final tubes 
thicknesses in the best-case scenario for A316L (A316L immune to hydroxides corrosion). On 
the other hand, although negligible corrosion is expected in the steam side for both materials, 
0.2 mm corrosion allowance has been considered as a conservative value [30]. Finally, 20 mm 
has been assumed for the inside radius (not corroded). 
Results show lower tubes thickness for A387 Gr 91, 2.86 mm versus 3.89 mm for tubes 
manufactured in A316L. As explained before, the lower MAS values associated to A316L 
increase the tubes thickness for this material. Accordingly, even taking into account no 
corrosion for A316L in the hydroxides side, the heat exchanger tubes thickness would be thicker 
for this material. Then, A387 Gr 91 thermo-mechanical properties cover a higher corrosion 
allowance requirement. 
 
Table 8. MAS for A387 Gr 91 and A316L [17] 
Temperature (ºC) 65 125 200 300 325 350 400 450 
A387 Gr 91 Maximum 
allowable stress (MAS) 
(MPa) 
168 168 167 164 163 161 153 141 
A316L Maximum 
allowable stress (MAS)  
(MPa) 
115 115 109 98 95.7 94.1 90.9 87.8 
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Table 9. Parameter involved in tubes thickness calculation  
Design 
Pressure 
(MPa) 
Design 
Temperature 
(ºC) 
Inside 
Radius 
(mm) 
Joint Efficiency 
(dimensionless) 
Maximum 
allowable stress 
(MAS) (MPa) 
Corrosion 
allowance (mm) 
A387 
Gr 91 
A316L A387 
Gr 91 
A316L 
121 350 20 1 161 94.1 0.792 0.2 
 
In conclusion, A387 Gr 91 is a more promising alloy for the manufacturing of the steam-PCM 
heat exchanger than A316L alloy. Although corrosion rates obtained for A387 Gr 91 are higher, 
passivation of the alloy has been demonstrated and good long-term corrosion performance is 
expected. Moreover, IGC damage has not been detected for A387 Gr 91, which is one of the 
main drawbacks found for A316L. On the other hand, properties such as thermal conductivity, 
MAS, and cost of the alloy make this material a better candidate for this application than 
A316L. 
 
5. Conclusions 
Corrosion performance of A387 Gr 91 alloy exposed to a peritectic mixture of LiOH and KOH 
was studied for the construction of a steam-PCM heat exchanger. In addition to corrosion rates 
calculation, the corrosion damage of this allow was characterized by several techniques. A387 
Gr 91 corrosion performance has been compared with A316L alloy, which was selected by the 
authors as preliminary candidate for the manufacturing of the heat exchanger in previous tests. 
Two different tests were performed: (i) Test#1 at 360 ºC, a conservative corrosion test 45 ºC 
above the operation temperature of the heat exchanger, to compare with previous results 
obtained for A316L, and (ii) Test#2 at 315 ºC, the LiOH-KOH mixture peritectic point. 
During Test#1 (360 ºC exposition), A387 Gr 91 alloy generates compact protective oxide layers 
which were good adhered to the base metal. Localized corrosion damages such as pitting, IGC, 
or spalling phenomena were not detected under  these test conditions. XRD and EDS profiles 
showed CrO and LiFeO2 as main corrosion products generated by this alloy. LiFeO2 oxide layer 
would act as a diffusion barrier reducing the corrosion process. This observation was confirmed 
once calculated the corrosion rates. Corrosion rates decrease with exposure time showing the 
passivation of the alloy. These results were compared with previous test on A316L alloy under 
same test conditions. A316L showed lower corrosion rates; 10.3 µm/year vs. 55.9 µm/year (t1 
test time, 1005 hours) and 6.3 µm/year vs. 44.7 µm/year (t2 test time 2640 hours). Although 
A316L also showed protective oxides layer generation, slight IGC was detected. This localized 
corrosion damage has been identified as the main handicap for a long-term design using A316L 
for the manufacturing of the heat exchanger. Test#2 (315 ºC exposition) was motivated due to 
the good corrosion performance exhibited by A387 Gr 91 alloy after tests at 360 ºC. Visual 
inspection and SEM analysis showed lower corrosion damage compared to Test#1. This 
observation was confirmed with corrosion rates calculation obtaining corrosion damage in the 
range of 29 µm/year after 1055 hours. 
In addition to corrosion performance, other parameters such as cost, thermal properties, and 
mechanical properties have been discussed within this study. A387 gr 91 cost is lower than 
A316L ones due to the lower content of Ni, Cr, and Mo. Moreover, A387 Gr 91 thermal 
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conductivity is higher, which is a key point for the thermal transference between the PCM and 
steam. On the other hand, A387 Gr 91 MAS values are also significantly higher. The better 
mechanical performance has a direct impact on the sizing of the equipment reducing the 
thickness required for the temperature and pressure combination. 
In conclusion, the use of A387 Gr 91 instead to A316L alloy for the construction of the steam-
PCM heat exchanger involves the techno-economical optimization of the equipment. 
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